Introduction
Investigation into science, technology, engineering, and mathematics (STEM) professional knowledge has gained momentum since funding became available through government agencies and private sources. Spatial skill level is a known predictor of STEM achievement. 1 Currently, K-12 instruction emphasizes both verbal and mathematical skills, but does not afford equitable attention to the spatial domain. 2, 3 This investigation sought to understand the object manipulation skill level of first-year engineering students, and to characterize relationships among mental rotations and spatial visualization assessments.
Competence in spatial thinking arises from a broad set of interconnected cognitive skills that require knowledge of space, representation, and reasoning. 4 Spatial skill can be assessed by domain-general or domain-specific means; the difference is context. Although the domain was engineering, the spatial assessment centered on context-free spatial skill. Specifically, aspects of reflection, dimensional transformations, and rotation were assessed. Object manipulation spatial skills are considered fundamental to the field of engineering and includes mental rotations and spatial visualization. 5 "Spatial visualization and [mental rotations] require the ability to mentally manipulate spatial forms from a fixed perspective" (p. 746). 6 Assessments of mental rotation require individuals to mentally rotate images in space. These images or objects can be two-dimensional (2D) or three-dimensional (3D). Objects rotated in 2D have three degrees of freedom (two translational and one rotational) while those in 3D have six degrees of freedom (three translational and three rotational). Therefore, 3D mental rotation tasks should, in theory, be more difficult than 2D mental rotation tasks.
Spatial visualization entails rotation in addition to other manipulations that may change the shape of an object. 7 This includes changing an object's size by folding, or the concatenation of multiple objects to create a new shape. Also the transformation of an object across dimensions (i.e., 2D to 3D or 3D to 2D) constitutes spatial visualization. In essence, spatial visualization requires higher cognitive skill, compared to mental rotation, because it combines elements of manipulation with rotation.
Freshman, at the post-secondary level, often lack formal spatial instruction necessary to enhance spatial skills, knowledge, and thinking. 8 Empirical evidence suggests STEM professionals eventually acquire high dynamic spatial thinking skills 4,9,10 during early childhood development.
1 Individuals entering college with weak spatial skills are sometimes offered an opportunity to improve skills with a course specifically designed to support spatial development. 11 Studies at the K-12 and post-secondary level suggest components of spatial thinking (skills and knowledge) can be learned. 4, 12, 13, 14, 15 Engineering schools, however, have chosen to assess spatial skills with the Revised Purdue Spatial Visualizations Test: Visualizations of Rotations (Revised PSVT: R) 16 , to determine whether or not students should be placed in a spatial development course. The Revised PSVT: R is considered an assessment of mental rotations, but some items require an offset revolution about the z-axis axis in addition to a 3D static rotation. The multiple manipulations can be thought of as a partial revolution (earth revolves around the sun across a season) combined with a rotation (earth rotating about its own axis). The increased number of operations necessary to determine a solution seems to suggest individuals should view the Revised PSVT: R as more difficult than other mental rotations assessments.
This study seeks to answer the question, how does gender and spatial skill compare across object manipulation assessments?
Frameworks
Lesions affecting the left side of the brain impair speech and other expressive functions as determined during the 1860s. 17 Nearly a century later, figure and facial recognition deficits were found to be triggered by trauma afflicting the right side of the brain. These discoveries prompted the development of theories of separation-the disjunction between verbal and visual processing. 19 Specifically, Paivio's dual coding theory (DCT) 18 and Baddeley's working memory model (WMM) 19 were established on the premise that verbal and nonverbal processing were distinct and independent from one another.
The following account describes what researchers know about how spatial processing is organized. Figure 1 illustrates the model's components beginning with Baddeley's WMM which delineates two systems (channels): the phonological loop and visuospatial sketchpad. Concurrent processing can occur across, but not within, channels like two lightbulbs connected in parallel. In other words, two tasks can occur simultaneously, only if each task is processed by a different channel. Two tasks cannot occur on the same channel at the same time. They can only occur in series, or one after the other. 20 Dual task studies have provided empirical evidence to support the dissociation between verbal and nonverbal information processing. This is further reinforced by studies utilizing Positron Emission Tomography (PET) scans that assert different regions of the brain are activated by verbal and nonverbal tasks. 21 According to cognitive psychology and neuroscience research, the sketchpad is composed of two independent components: the visual domain and the spatial domain. 22 The visual domain relates to an object's appearance that processes details about shape, color, texture, etc. within or across an image. Conversely, the spatial domain processes spatial relations in the form of static and dynamic object transformations from either an intrinsic or extrinsic perspective. Essentially, the visuospatial sketchpad is subdivided into two distinct elements just as the phonological loop (verbal) is separate from the visuospatial sketchpad (nonverbal).
Support for this view arises from differences in brain activation regions: ventral (visual domain) and dorsal (spatial domain)-as well as from findings from cognitive psychology. Hegarty and Kozhevnikov 23 determined students, generally, used two strategies when solving 
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word problems. They either produced schematic representations or created pictorial illustrations. Kozhevnikov, Hegarty, and Mayer 24 found a bimodal split among visualizers when visual-spatial ability was assessed. This led to a study to compare how artists and scientists performed on visual-based and spatial-based assessments. 25 Indeed, artists performed significantly better than scientists on a visual-based test (grain resolution) and scientists scored significantly higher on a spatial-based test (paper folding) than artists. This was further solidified by an investigation into abstract representations within the spatial-based domain with think-aloud protocols when participants (visual artists, physicists, and engineers) were asked to interpret kinematics graphsabstract representations of motion. 25 High spatial visualizers (physicists and engineers) were able to create schematic representations of motion, and low spatial visualizers (visual artists) generated inaccurate pictorial representations. The spatial domain appears to be beneficial to the STEM domain.
Although spatial assessments have been utilized for a long time, the lack of theory has defocused and impeded progress in the area. Some attempt, over the years, has been made to categorize or organize the variety of spatial tests to connect with underlying spatial dichotomies like allocentric vs. egocentric and extrinsic vs. intrinsic. To add to the confusion, terminology overlapped and changed over time. Previously cited literature, in this paper, uses current terminology (as of the beginning of 2016) for the purpose of cohesiveness.
Recently, Uttal et al.
14 developed an organizational system for spatial-based skills. The categories are represented as a four quadrant typology (See Figure 2) . Intrinsic and extrinsic components are positioned along the x-axis with static and dynamic placed on the y-axis. Intrinsic refers to object description either holistically or as the sum of its parts while extrinsic signifies the relationship between objects or to a reference frame. 26 Static denotes an object is fixed against the frame of reference and dynamic indicates an object or its frame of reference is moving. Consequently, the four quadrants are intrinsic-static, intrinsic-dynamic, extrinsic-static, and extrinsic-dynamic. Figure 2 This study investigates the intrinsic-dynamic portion of the spatial domain, also known as object manipulation. This segment is assumed to encompass both mental rotation and spatial visualization skills. Researchers 14, 30 believe mental rotation and spatial visualization are two separate object manipulations skills. Both skills rely on memory and processing components, however mental rotation tasks require less complex processing than spatial visualization tasks. Three mental rotations and three spatial visualization assessments, as determined by the extant literature, were utilized in this study.
Methods
Participants
Participants were purposely sampled using the following criteria: (1) an interest in engineering, (2) enrolled in an introductory AutoCAD™ class, and (3) an ethnically diverse group. All 433 participants (94 females and 339 males) represented typical students enrolled as introductory engineering majors at a particular college of engineering at a large southeastern university.
Assessments
Six short spatial assessments were chosen to measure two separate object manipulation skill types: mental rotation and spatial visualization. The mental rotation category included Card Rotations (CR) 31 , Cube Comparisons (CC) 31 , and the Revised PSVT: R 16 . Form Board (FB), Paper Folding (PF), and Surface Development (SD) formed the spatial visualization set 31 . Cronbach alphas were calculated for each object manipulation assessment to approximate reliability (internal consistency).
The aforementioned assessments were chosen for comparison between the Revised PSVT: R and alternate object manipulation skill assessments. A required score of sixteen on the Revised PSVT: R is often the standard for avoiding placement in a spatial skill development course at colleges of engineering in the United States.
The overall research question in this investigation is, how does gender and spatial skill level compare across object manipulation assessments? Two sub-questions reflect specific aspects of the general question:
1. Do assessments of spatial skill level correlate with one another? If so, are the correlations significant? 2. What specific gender differences exist among first-year engineering students' spatial skill level?
Procedure
Data was collected across three consecutive semesters, not including the summer session. The same set of assessments, in the same order, were given to all students during normally scheduled class time for class credit. Some students arrived late to class and missed the first set of assessments, and a few chose not to participate in other assessments. This accounts for some of the variation in total number of participants for each test comparison. Those students who provided consent, per the university's internal review board policies, were included as participants in the study.
The CR test was removed from the third semester set of assessments. Instead, participants completed two additional assessments, unrelated to the current study, after the aforementioned order of assessments. Class time constraints limited the number of assessments administered per session.
Analysis
Both Excel™ and JMP® 32 were utilized for all quantitative analysis, except when Excel was limited in functionality. Upon graphing the data collectively, and by gender, it was determined the data was not normally distributed. Therefore, Spearman's rank correlation was run to determine the relationship between each object manipulation assessment by gender. A Mann-Whitney U test was performed to determine level of significance between the medians of each spatial test across gender. Mean rank, sum or ranks, Chi-square values, and significance were calculated. The chi-square distribution was used as an approximation and Cohen's d represented the effect size. Table 1 displays Cronbach's alpha values for each object manipulation skill assessment utilized in this investigation. Values above .8 are acceptable because they fall within the "very good to excellent range" for internal consistency (reliability). The items within each assessment are uniform in measuring the same entity. Assessment mean rank, sum of ranks, Chi-square values, significance levels, and effect sizes (Cohen's d) are shown for each object manipulation skill in Table 2 . Only the results from the Revised PSVT: R spatial assessment suggested gender difference. The Cohen's d value (0.53), as shown with an asterisk in Table 2 , is consistent with findings from recently published meta-analysis data (Cohen's d = 0.57).
Results
33 Table 3 displays the Spearman's rank correlation coefficients for each test comparison. The asterisks, next to each coefficient, indicate the level of significance as noted below the table. All male Spearman's rank correlation coefficients were statistically significant at the p < .001 level. Most Spearman's rank correlation coefficients were at the moderate level with a few exceptions (CC-FB, CR-FB, CR-PF, and CC-Revised PSVT: R) at the weak level. Those with weak correlations were comparisons between mental rotations assessments (CR, CC, and Revised PSVT: R) and spatial visualization (FB, PF, and SD). Male data suggested that the Revised PSVT: R data was significantly moderately correlated to spatial visualization skill level. However, the CC-Revised PSVT: R (mental rotations) relationship indicated a weak correlation.
Female data suggested a distinction between spatial visualization and mental rotations spatial skill level. Correlations between FB, PF, and SD (spatial visualization) are weak to moderate, but significant. In addition, the CR-CC (mental rotations) significant correlation is weak. When spatial visualization and mental rotations spatial skill level were compared, there were no significant correlations. The Revised PSVT: R has no significant correlations with "mental rotations", however FB and SD (spatial visualization) were significantly moderately correlated with the Revised PSVT: R. PF-Revised PSVT: R is moderately correlated, but not significant (p = .063).
Discussion and Implications
This study examined the spatial skill level of students interested in the engineering disciplines. In particular, intrinsic-dynamic (object manipulation) skills were assessed among first-year students enrolled in a college of engineering at a large southeastern university. Researchers 14, 30 suggest that intrinsic-dynamic skills are divided into two independent categories: mental rotation and spatial visualization.
The Revised PSVT: R was the only assessment to indicate a significant difference between genders and the results were very similar to a meta-analysis performed across previously published data. 33 The effect size (Cohen's d) in this investigation was .53 and that of the meta-analysis was .57.
These results support and refute previous studies 24, 34 that found males performed better on mental rotations and spatial visualization tests than females. Findings, in this study, show no gender difference for CR, CC, (mental rotations) FB, PF, or SD (spatial visualization) assessments; however, the participant sample was defined as individuals interested in engineering. Possibly, students drawn to engineering have strengths consistent with those utilized by the engineering community of practice (ECoP) 35 . For example, those who enter the visual arts tend to be able to sketch, paint, or have a sense of color. Participating in activities that align with a commensurate skill set may make it easier to join, acclimate, and attain a sense of belonging to the group. The Revised PSVT: R correlated more closely, for both males and females, with assessments of spatial visualization (FB, PF, and SD) 31 than mental rotation-the category most associated with the Revised PSVT: R according the extant literature. Mental rotation and spatial visualization are believed to require two steps: memory and processing 36 . The memory component, mediated by spatial short term memory (STM) 37 , allows individuals to temporarily store images. In the case of the Revised PSVT: R assessment, visual details of the chiseled cube must be maintained while the brain processes, by the spatial working memory (SWM) 37 , how to rotate the image to be in agreement with the specified visual-spatial analogy.
As previously stated, mental rotation requires an individual to mentally rotate an image, whether in 2D or 3D space. The Revised PSVT: R raises mental rotation to another level with the addition of a secondary maneuver, coupled with an analogy of a set of spatial manipulations represented by another cube. Conceivably, mental rotation in its most complex state converges on the processes that underlie spatial visualization. One might ask, could mental rotations be a lower level skill, or perhaps subsumed by spatial visualization?
Alternatively, if mental rotation and spatial visualization are indeed two separate constructs, the Revised PSVT: R could tap into both mental rotation and spatial visualization skill level. The CC-Revised PSVT: R correlations were r = .13 and r = .33***, respectively, for females and males. Both groups (males and females) performed well and similarly on the CC assessment. However, males scored significantly higher on the Revised PSVT: R than females. Both male and female engineering students were able to carry out mental rotation and spatial visualization tasks separately. However, females had difficulty with the Revised PSVT: R. It is possible that females may find it difficult to process higher order tasks that require both mental rotation and spatial visualization processing either simultaneously or in tandem within the same task. This possibility could account for the statistically significant weak and moderate correlations across all male test comparisons and the inconsistent nature of female data.
Is it possible that the visual properties of the object are detailed enough to warrant visual system processing? Could both visual and spatial systems be necessary to correctly answer Revised PSVT: R items? 38 See Figure 1 for the placement of the visual system on the model of visual-spatial skills. The visual system is more closely aligned with visual artists' skills because details are important when representing objects. The spatial system is related to the space between objects and their relation to one another. Perhaps the detail contained within the objects of the Revised PSVT: R require skills from the visual system. Or conversely, visual processes are being used and taking up space within working memory that limit spatial processing. Kaufman 36 suggests a difference may exist is the capacity of working memory among gender. Males tend to experience more spatial activities than females because of an early interest in activities that enhance spatial skills. This experience may have expanded working memory capacity to process spatial tasks.
How are individuals creating interventions to know which skills students possess: mental rotation, spatial visualization, neither, both, etc., when the Revised PSVT: R is the sole assessment used to determine object manipulation spatial skill level? Does a low score on the Revised PSVT: R imply a student has difficulty with spatial short term memory, spatial working memory, or both? Diagnosing this with the current available resources is problematic. Perhaps a low score on the Revised PSVT: R should be followed by an assessment of lower level processing tasks to determine individual student difficulties.
Summary
Six assessments of mental rotations and spatial visualization revealed a significant difference between gender on the Revised PSVT: R assessment only. This is consistent with previous findings. 33 When participant data was separated by gender and compared across assessments a Spearman's rank correlation test uncovered significantly moderate and strong correlations among mental rotations and spatial visualization assessments for male participants. Data collected from female participants indicated significant weak to moderate correlations between the Revised PSVT: R assessment and other assessments of spatial visualization, except between PF and the Revised PSVT: R.
Limitations
There are two main limitations of this study: no CR-Revised PSVT: R comparison data was collected and other spatial tests could have been administered. CR and Revised PSVT: R data could not be collected at the same time due to time constraints driven by the fifty-minute class period. Other tests could have been utilized; however, at the expense of decreased sample size for each comparison. Since the female population in engineering courses is generally smaller than the male population, this was not an appropriate option.
Further Studies
The Revised PSVT: R is not the only complex mental rotations assessment. A comparison between the Revised PSVT: R 16 and Vandenberg and Kuse's 29 Mental Rotations Test could prove informative. Kaufman 36 determined that the Mental Rotations Test had a unique variance associated with it that did not directly connect with memory storage of an image. Investigation into higher-level forms of what are currently defined as mental rotations tests may disentangle the underlying processes associated with solving assessment items. Are these actually tests of mental rotation, assessments of mental rotation and spatial visualization, or neither? Is there a visual component within the spatial component? Does spatial short term memory and/or spatial working memory have anything to do with it?
Engineering education literature has focused on mental rotation skills as important to the field, but it is important to ask the question, what about other spatial skills? Engineering is a diverse field of study. Does domain specificity play a role in the types of spatial skills necessary for each particular field? Does a chemical engineer rely on the same kinds of spatial skills as an industrial engineer? As interdisciplinary engineering (biomedical, biological, environmental, etc.), fields emerge, in what ways do those fields rely on spatial skills? What spatial skills might be included in a core set of skills common to all engineering fields?
In addition, do measures of spatial skill level relate to abstract representations? Current tests of spatial skill level are concrete. The visualizations are of real tangible objects from different orientations. Process diagrams, however, are schematics-abstractions of tangible objects and processes. Perhaps assessing experts from each engineering domain could inform the types of spatial skills necessary for different engineering fields. For example, an engineer who predominately works with computer aided design software to design fixtures probably uses a different set of spatial skills than does a process or quality control engineer.
